The development of resistance to direct-acting antivirals (DAAs) targeting the hepatitis C virus (HCV) can compromise therapy. However, mechanisms that determine prevalence and frequency of resistance-conferring mutations remain elusive. Here, we studied the fidelity of the HCV RNA-dependent RNA polymerase NS5B in an attempt to link the efficiency of mismatch formation with genotypic changes observed in vivo. Enzyme kinetic measurements revealed unexpectedly high error rates (approximately 10 −3 per site) for G∶U∕U∶G mismatches. The strong preference for G∶U∕U∶G mismatches over all other mistakes correlates with a mutational bias in favor of transitions over transversions. Deep sequencing of HCV RNA samples isolated from 20 treatment-naïve patients revealed an approximately 75-fold difference in frequencies of the two classes of mutations. A stochastic model based on these results suggests that the bias toward transitions can also affect the selection of resistance-conferring mutations. Collectively, the data provide strong evidence to suggest that the nature of the nucleotide change can contribute to the genetic barrier in the development of resistance to DAAs.
The development of resistance to direct-acting antivirals (DAAs) targeting the hepatitis C virus (HCV) can compromise therapy. However, mechanisms that determine prevalence and frequency of resistance-conferring mutations remain elusive. Here, we studied the fidelity of the HCV RNA-dependent RNA polymerase NS5B in an attempt to link the efficiency of mismatch formation with genotypic changes observed in vivo. Enzyme kinetic measurements revealed unexpectedly high error rates (approximately 10 −3 per site) for G∶U∕U∶G mismatches. The strong preference for G∶U∕U∶G mismatches over all other mistakes correlates with a mutational bias in favor of transitions over transversions. Deep sequencing of HCV RNA samples isolated from 20 treatment-naïve patients revealed an approximately 75-fold difference in frequencies of the two classes of mutations. A stochastic model based on these results suggests that the bias toward transitions can also affect the selection of resistance-conferring mutations. Collectively, the data provide strong evidence to suggest that the nature of the nucleotide change can contribute to the genetic barrier in the development of resistance to DAAs.
A pproximately 170 million people worldwide are infected with hepatitis C virus (HCV) (1) . Chronically infected individuals are at risk of developing severe liver disease, including cirrhosis and hepatocellular carcinoma (2) . Although the infection can be cured with a combination of interferon-α and ribavirin, severe side effects and complicated treatment schedules can compromise therapy (3) . Moreover, the response is particularly poor in patients infected with HCV genotype 1, which is the most prevalent genotype in North America and Europe (4) .
Several direct-acting antivirals (DAAs) targeting important viral and host factors are currently undergoing clinical evaluation. Drugs acting against the viral NS5B RNA-dependent RNA polymerase (RdRp) or NS3 protease are in advanced clinical trials, with the protease inhibitors (PIs) telaprevir and boceprevir recently gaining FDA approval. Combining interferon-α and ribavirin with either PI can produce increases in sustained virological response when compared with the combination of interferon-α and ribavirin without PI (5, 6) . However, the emergence of resistance-conferring mutations can lead to treatment failure (7) . Like other RNA viruses, HCV shows quasispecies-like characteristics (8) . Accordingly, resistant variants are selected from a genetically highly diverse population. Resistance to PIs is rapidly selected in cell-based replicon systems and in vivo (9) . Similar observations have been made with the various classes of nonnucleoside analogue inhibitors (NNIs) of NS5B (9) . Moreover, mutations that decrease susceptibility to highly potent inhibitors of the RNA binding protein NS5A also emerge rapidly in the replicon system (10) . In contrast, the barrier to the development of resistance to nucleoside analogue inhibitors (NIs) appears to be significantly higher. The 2′-C-methylated NIs were shown to select in vitro for S282T in NS5B (11) . RG7128, the prodrug of PSI-6130, is currently the most advanced NI; however, the S282T mutation has not been identified in clinical samples of patients treated with this drug (12) . Inhibitors of the host factor cyclophilin provide another example for a high barrier to the emergence of resistance. Debio 025 (alisporivir) and other structurally distinct cyclophilin inhibitors were shown to select for D320E in NS5A. Like S282T, this mutation emerges late in replicon-based selection experiments, and confers only low levels of resistance to the drug (13, 14) .
Parameters that determine the outcome of a selection process are multifactorial and include the fitness of the mutant variant, the level of resistance that the specific mutation confers, and its availability within a given viral population. The HCV-associated RdRp is often described as an error-prone enzyme that is the source of genetic diversity, and, in turn, availability of mutant viruses. However, the fidelity of HCV NS5B remains to be determined. Here, we employed biochemical techniques to measure error rates for all possible nucleotide mismatches. Our data reveal a strong preference for formation of G∶U and U∶G mismatches. These findings correlate with deep sequencing analyses of HCV samples from treatment-naïve patients that show higher frequencies of transitions over transversions within the diversity of their viral quasispecies. A stochastic model supports our conclusion that the genetic barrier associated with the selection of resistant HCV variants is higher for transversions.
Results and Discussion
Fidelity of HCV NS5B. NS5B is able to initiate RNA synthesis de novo; i.e., in the absence of a primer (15) . The initiation reaction is fragile, and the complex composed of NS5B and RNA template dissociates frequently (16) . The transition to the highly processive elongation mode is evident after incorporation of two to four nucleotides. It is, therefore, reasonable to assume that mutations emerging in the coding region for structural and nonstructural proteins are generated in the context of elongation complexes. To mimic this stage of RNA synthesis, we designed short RNA templates that allowed us to stall NS5B at defined positions through the use of limited nucleoside triphosphate (NTP) pools (Fig. 1A) . The efficiency of incorporation of correct versus incorrect nucleotides is then monitored at the next temAuthor contributions: M.H.P., E.P.T., E.S.S., R.D.K., and M.G. designed research; M.H.P., E.P.T., and R.D.K. performed research; M.H.P., E.P.T., R.A.K., R.S.R., R.M., E.S.S., R.D.K., and M.G. analyzed data; and M.H.P., E.S.S., H.M., R.D.K., and M.G. wrote the paper. plate position (Fig. 1B) . Kinetic parameters k pol and K d are direct measures for the maximum rate of the reaction and affinity to the nucleotide substrate, respectively ( Fig. 1 C and D) . The efficiency of nucleotide incorporation is defined as the ratio of k pol ∕K d , and the error rate per site can be expressed as the ratio of ðk pol ∕K d Þ incorrect nucleotide /ðk pol ∕K d Þ correct nucleotide +ðk pol ∕K d Þ incorrect nucleotide . Incorporation of a "correct" nucleotide results in canonical Watson-Crick base pairing, whereas incorporation of an "incorrect" nucleotide results in mismatch formation.
We found that K d values for incorporation of correct nucleotides range between 110-490 μM, and k pol values range between 10 and 27 s −1 ( Table 1) . The values are comparable with kinetic parameters determined for other related viral RdRps (17, 18) . For mismatch incorporations, we observe both decreases in k pol and increases in K d values for each of the 12 possible combinations. However, the magnitude of these changes depends profoundly on the nature of the mismatch. The efficiency of formation of G∶U and U∶G mismatches is markedly higher when compared with all other combinations. For G∶U mismatches we measured error rates/per site of 3.2 × 10 −3 , and 8.7 × 10 −3 for the complementary U∶G mismatch. Error rates for all other combinations were markedly lower and vary between 9.2 × 10 −5 (A∶C) and 1.4 × 10 −6 (A∶G). Similar incorporation efficiencies were measured with an unrelated sequence, which demonstrates a general trend (Tables S1 and S2) .
Additional kinetic measurements revealed that the extension of a mismatch is at least three orders of magnitude more efficient when compared to the related mismatch incorporation event ( Fig. S1A and B) . These data are in agreement with measurements on other polymerases, and show that incorporation of the incorrect nucleotide is the rate-limiting step (19) . In order to translate error rates per site into error rates per genome replication, we considered, therefore, only rates of incorporation, along with differences in the base composition of the HCV genome. HCV shows a high GC-content: A(1910), C(2883), G(2733), and U(2079) for the reference isolate Con 1 (genotype 1b). For non-G∶U∕U∶G mismatches we calculate error rates between 2.7 × 10 −3 (A∶G) and 2.0 × 10 −1 (C∶U) mistakes per genome replication. In contrast, for G∶U and U∶G mismatches we calculate 8.7 and 18 mistakes, respectively. Thus, our data suggest a 6,500-fold difference between the two extremes A∶G and U∶G.
Overall, the error rates for non-G∶U∕U∶G mismatches are at the lower end of previous estimates associated with (+)-strand RNA viruses, whereas the error rates for G∶U and U∶G mismatches are at the high end (20, 21) . A point of caution is that biochemical measurements are restricted to a few sites, and error rates per genome replication can only be extrapolated and not accurately determined from this data. Moreover, effective concentrations and variations of intracellularly available nucleotide pools at the site of viral replication are unknown. Discrepancies between error rates measured in biochemical versus cell culture experiments have been reported for HIV (22) . Up to 20-fold higher rates are commonly measured with purified HIV-1 RT. The high rates for G∶U∕U∶G mismatches introduced by HCV NS5B may likewise overestimate the error frequency associated with viral replication. However, the difference in relative efficiencies with which the various mismatches are generated is striking and raises the question of whether the preferred formation of G∶U∕U∶G mispairs correlates with a mutational bias at the level of viral replication in vivo.
Mutational Bias in HCV Replication. To address this question, we performed deep sequencing analysis of HCV RNA samples derived from 20 HCV-infected, treatment-naïve individuals. In efforts to reduce complexity, this analysis was restricted to the NS3 region of the HCV genome. Table S3 summarizes the data and shows the total number of mutations for each possible combination. The average number of base-read positions that were sampled per patient was 781,844 with an average of 7,385 base changes per patient, which translates to an observed error rate of 9.4 × 10 −3 . Most importantly, HCV viral variant subpopulations were represented mainly by transitions (Fig. 2) . The median frequency of transitions (1.35 × 10 −3 ), normalized to the total number of base-read positions, is approximately 75-fold higher as compared to the median frequency of transversions (1.75 × 10 −5 ) (Fig. 2 and Table S3 ). Similar data were obtained from sequences amplified from passaged replicon cells. The assay background levels of substitutions for plasmid controls were significantly lower with only 67 mutants observed among 3,764,286 tested baseread positions. The reverse transcription step is associated with an error rate of 1.6 × 10 −5 (displaying a 5-fold preference for transitions over transversions) (23) , which is also significantly lower when compared with our observed error rates of 9.4 × 10 −3 per patient.
The pronounced bias toward transitions correlates with our biochemical data. A to G transitions can be generated via A∶C or U∶G mismatches, provided that mismatches can occur during both (−)-and (+)-strand RNA synthesis (Fig. S2A) . In this case we would expect, based on our kinetics studies, that the genetic pathway via U∶G mismatches during (+)-strand RNA synthesis is favored. Conversely, U to C transitions can be generated through U∶G [(−)-strand] or A∶C [(+)-strand] mismatches (Fig. S2B) , which suggests that in this case the error is more frequently made during (−)-strand RNA synthesis. C to U and G to A transitions can also be generated through either C∶A or G∶U mismatches, or through G∶U or C∶A mismatches, respectively (Fig. S2 C and D) . Thus, the four transitions can all be generated through U∶G or G∶U mismatches that are easily formed in cell-free, biochemical assays. In contrast, each of the eight transversions are generated through non-U∶G∕G∶U mismatches that are more difficult to form.
Evidence for the existence of a mutational bias toward transitions is also apparent when HCV evolution is monitored in replicons and in chimpanzees followed by common population sequencing (24, 25) , although the number of mutations observed is several orders of magnitude lower when compared with our deep sequencing approach. Other studies have identified amino acid substitutions arising during replication of HCV replicons or infectious viruses (Fig. S3A and B) . Some of the nonsynonymous mutations arising during replication have been confirmed as cell culture adaptive mutations that confer a certain replication advantage over the original HCV variant. The vast majority of amino acid substitutions that have been reported in this context are likewise generated via transitions. Thus, the mutational bias may also be a relevant factor in the selection of drug resistanceconferring mutations. A table comprising all amino acid substitutions generated through single nucleotide changes was created to assess which mutations can be generated via transitions and/or transversions (Fig. S4) .
Definition of the Genetic Barrier. Each of the different classes of DAAs that are currently under clinical investigation can select for specific resistance-conferring mutations (7). However, prevalence and frequency of resistance-conferring mutations can depend on the nature of the particular change at the nucleotide and amino acid levels. The "genetic" barrier to the development Error rate per site
Error rate per genome = error rate per site × frequency of corresponding base in genome. (Table S3) .
of resistance, often defined as the number of nucleotide changes, is likely to be an important parameter in this regard. The PIassociated R155K mutation in NS3 requires a single nucleotide change in genotype 1a (AGG AAG), whereas two changes are required in the context of genotype 1b (CGG AAG) (Fig. S5A) . R155K is rarely observed in patients infected with genotype 1b, and it is widely accepted that the two required nucleotide changes pose a higher genetic barrier (26) . However, based on our data, it is conceivable that the nature of the nucleotide change can also contribute to the genetic barrier. The AGG to AAG change associated with genotype 1a involves a single transition (G to A), whereas the CGG to AAG change associated with genotype 1b involves a transition (G to A) and a transversion (C to A).
Barrier of a Potent Drug Regimen. Rong et al. have recently developed a mathematical model that considers the dynamics of HCV replication and virus production, and calculated that a potent drug regimen requires a barrier of four or more mutations (27) . A key assumption of this model is a constant, mean error rate of 10 −5 per site. Here, we extended this model and assessed the impact of variable mutation rates on the evolution of resistance. We specifically asked whether the barrier of four mutations can be lower depending on the specific mutational pattern, and considered different theoretical scenarios: drug regimens associated with three (Fig. 3) , and, for comparative purposes, with four ( Fig. S6 ) different mutations that are generated through generic, single nucleotide transitions and/or transversions. For three transitions, resistance develops at transition rates <5 × 10 −5 (Fig. 3A) , which is much lower than our actual measurements for G∶U∕ U∶G mismatches (>10 −3 ). Thus, the development of resistance is highly likely under these circumstances, even in the presence of fitness deficits. Of note, Rong and colleagues specifically analyzed the rapid emergence of telaprevir-associated mutations V36A/M and A156V/T in clinical trials, and these mutations can all be generated through transitions (27) . Thus, we next analyzed the effect of an increase in the number of transversions in our stochastic model (Fig. 3 B, C, and D) . The data show that the probability of resistance development is gradually decreased, if we consider a 50-fold difference between transitions and transversion frequencies. This value is a conservative estimate derived from our deep sequencing analysis. For the extreme case of three transversions, resistance may not develop at transversion rates <10 −5 . Considering that our measured mutation rates for non-G∶U∕U∶G mismatches vary between 1.4 × 10 −6 and 9.2 × 10 −5 , it is conceivable that a barrier of three transversions can be sufficient for a potent regimen. The mutation rate required to develop resistance is further increased if a substantial diminution in fitness is considered at the same time. At a fitness cost of 20% per mutation, resistance may not develop at mutation rates <10 −4 , which is higher than our measured rates for transversions. Together, these findings provide strong evidence to suggest that not only the number, but also the nature of the nucleotide change can contribute to the genetic barrier in the development of resistance.
The Mutational Bias and Resistance to DAAs. With the large number of DAAs currently in clinical trials, it will be of interest to study whether certain compounds can be combined to minimize the risk of selecting mutations generated through transitions. PIs were shown to select for a variety of different amino acid changes in NS3. A broad spectrum of selected amino acids is often observed at the same position, including signature mutations R155K/T/Q, A156S/T/V/G, and D168G/A/V/T/H/Y/E (28). The variety of possible amino acid changes at a single position increases opportunities for transitions to occur. For each of these positions, there is at least one amino acid change that can be generated through a transition (Fig. S5 A, B , and C). The spectrum of mutations associated with nonnucleoside NS5B inhibitors (NNIs) and NS5A inhibitors are likewise broad. Signature mutations including M423I (NNI site 1), P495V (NNI site 2), M414T (NNI site 3), C316Y (NNI site 4), and L31V (NS5A) can all be generated via transitions (7) .
Resistance is often rapidly selected against these classes of inhibitors. In contrast, resistance to NIs has been associated with single serine to threonine changes that are difficult to select; 2′-C-methylated NIs select for S282T, whereas 4′-azido-modified NIs select for S96T (11, 29) . Although the specific codon for serine can vary at these positions, a change to threonine cannot Fig. 3 . Stochastic model evaluating effects of variations in fitness costs and mutation rates on the frequency of therapy failure. A, B, C, and D correspond to the frequency of therapy failure for the models in which 3 out of 3, 2 out of 3, 1 out of 3, and 0 out of 3 mutations are transitions with relatively high mutation rates. Based on our deep sequencing analysis, we assume that the mutation rate for resistance mutations involving transitions is 50 times higher than for transversions. For each parameter combination, the frequencies were determined from 100 simulations of the stochastic model described above. Green indicates that therapy is always successful (i.e., the virus population always becomes extinct), red indicates that therapy always fails (i.e., resistance mutations arise and virus population persists).
be generated through transitions. D320E in NS5A is currently the only known relevant mutation associated with resistance to the cyclophilin inhibitors, and, like S282Tand S96T, D320E is difficult to select for and cannot be generated through transitions (Fig. S5 D and E) (13, 14) . The high barrier to the selection of these mutations may therefore not only be explained by the diminished viral fitness of the resultant mutant variant, and/or the limited benefits conferred through low-levels of decreased drug susceptibility (30) , but also by the high genetic barrier associated with the selection of transversions.
Conclusions
Collectively, the findings of this study suggest that the genetic barrier, defined as the number and nature of nucleotide changes, could be exploited in choosing potent drug combinations. Transversions, and/or multiple nucleotide changes per amino acid substitution, represent a higher genetic barrier than transitions and single nucleotide changes. Finally, we wish to point out that the selection of escape mutants from HCV-specific immune responses depends on the same principle, indicating its relevance to the development of vaccines.
Materials and Methods
Enzyme Expression and Purification. The HCV NS5B coding sequence (genotype 1b, Con1) was cloned into the expression vector pet21b (Novagen) to exclude the hydrophobic region at the C terminus of the protein (Δ21) and add a C-terminal histidine tag. Protein expression was induced in Escherichia coli BL21 (DE3), and NS5B purification was conducted using a combination of affinity and ion-exchange chromatography.
Pre-Steady-State Kinetics. RNA sequences used in these studies are listed in Table S1 . Reaction mixtures contained 40 mM Hepes pH 8, 1 mM DTT, 15 mM NaCl, 0.5 mM EDTA, 1 μM of the required NTPs, 500 nM RNA template, and 1 μM HCV NS5B. The 5′-end labeling of 200 nM of a dinucleotide GG primer (Trilink) was carried out with ½γ-32 P ATP using T4 polynucleotide kinase (Invitrogen). All reactions were started with the addition of 6 mM MgCl 2 and allowed to proceed at room temperature for 40 min. Subsequently, nucleotides were rapidly added using a rapid quench flow apparatus (RQF, KinTek Corporation) in the presence of a heparin trap for specific time intervals and quenched with the addition of 0.5 M EDTA. Products were resolved on a 20% polyacrylamide gel and visualized using a Bio-Rad Phosphorimager.
NS3 Amplification and Deep Sequencing. All RNA isolations from plasma samples, RT-PCR amplifications, and deep sequencing were performed at Virco DBA (Virco). RNA was also isolated from 10 6 1a H77-Rluc replicon cells (31) using the RNeasy minikit (Qiagen). To reduce the contribution of errors introduced during the reverse transcription step, we utilized the high fidelity AccuScript RT (Stratagene) (23) . The NS3 protease region was amplified as two overlapping amplicons using genotype specific barcoded primers. Barcoded amplicons were pooled equimolarly and sequenced on the GS-FLX instrument according to the manufacturer's amplicon sequencing protocol (454 Life Sciences). Plasmid controls encoding 1a and 1b HCV were PCR amplified and processed via deep sequencing in parallel with patient-derived HCV samples to account for the assay-derived background. To analyze sequencing data generated using the 454/Roche sequencing technology, we employed algorithms to exclude sequence reads with low quality scores, homopolymer-related errors, or characteristics of primer-dimer formation.
